Distinct Roles of the Prefrontal and Posterior Parietal Cortices in Response Inhibition  by Zhou, Xin et al.
ReportDistinct Roles of the Prefrontal and Posterior
Parietal Cortices in Response InhibitionGraphical AbstractHighlightsd Prefrontal and parietal neurons are active during an anti-
saccade task
d Some visual neurons respond in the task when stimulus
appears out of receptive field
d These neuronsmediating vector inversion aremostly found in
the prefrontal cortex
d Behavioral performance is also determined by prefrontal, but
not parietal, activityZhou et al., 2016, Cell Reports 14, 2765–2773
March 29, 2016 ª2016 The Authors
http://dx.doi.org/10.1016/j.celrep.2016.02.072Authors
Xin Zhou, Xue-Lian Qi,
Christos Constantinidis
Correspondence
cconstan@wakehealth.edu
In Brief
The ability to withhold impulsive
responses is a critical element of
executive control. Zhou et al. show that
both the prefrontal and posterior parietal
cortices are active during an anti-saccade
task, but prefrontal activity can better
account for response inhibition.
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The dorsolateral prefrontal cortex and posterior
parietal cortex have been implicated in the
planning of movements and inhibition of inappro-
priate responses, though their precise roles in
these functions are not known. To address this
question, we trained monkeys to perform mem-
ory-guided saccade and anti-saccade tasks and
compared neural responses in the same animals.
A population of neurons with no motor responses
was also activated by a stimulus appearing out of
the receptive field and could therefore mediate
vector inversion. These neurons were found almost
exclusively in the prefrontal cortex. Prefrontal
cortical activity better predicted the level of perfor-
mance in the task. Representation of the saccade
goal also peaked in the prefrontal cortex at a time
that was predictive of reaction time. These results
suggest that the prefrontal cortex is the primary
site of vector inversion in the cerebral cortex
and explain the importance of this area in response
inhibition.
INTRODUCTION
Response inhibition is a critical element of executive control, as it
allows the planning of a deliberate action over an automatic or
reflexive response (Munoz and Everling, 2004). Impaired ability
to withhold responses characterizes conditions such as atten-
tion-deficit/hyperactivity disorder (ADHD) and schizophrenia
(McDowell et al., 2002; Munoz et al., 2003; Smyrnis et al.,
2004). Response inhibition can be assessed with behavioral
tasks such as the anti-saccade task, which requires subjects
to perform an eye-movement away from a visual stimulus (Hal-
lett, 1978). The task has been adapted for non-human primates,
making it possible to obtain correlates of the neural processes
that mediate this critical ability (Funahashi et al., 1993; Schlag-
Rey et al., 1997).
The prefrontal cortex has been implicated in response inhibi-
tion, as it controls the highest executive functions and damage
in this area often results in impulsive behavior (Goldman-Rakic,Cell1987; Miller and Cohen, 2001). Changes in prefrontal activation
have been observed in imaging studies for tasks that require
response inhibition, as this develops from childhood into adult-
hood (Bunge et al., 2002; Durston et al., 2002; Klingberg et al.,
2002; Kwon et al., 2002; Luna et al., 2001, 2008; Olesen et al.,
2007; Satterthwaite et al., 2013). However, a broader network
of brain areas is activated during the anti-saccade task, including
the superior colliculus (Everling et al., 1999), basal ganglia (Ford
and Everling, 2009), frontal eye fields (Funahashi et al., 1993),
supplementary eye fields (Schlag-Rey et al., 1997), and posterior
parietal cortex (Gottlieb and Goldberg, 1999). Human fMRI
studies also reveal activation of multiple areas in response inhi-
bition tasks, and the relative role of these areas is not entirely
clear (Aron et al., 2003, 2004; Durston et al., 2002; Rubia et al.,
2003).
Neurons in the posterior parietal cortex are also activated by a
stimulus appearing out of the receptive field when it is instructing
an eye movement toward it, indicative of vector inversion (plan-
ning a movement away from the stimulus), which is a critical
component of the anti-saccade task (Zhang and Barash,
2000). However, this type of activity has been revealed with a
task imposing a delay period between the stimulus presentation
and the anti-saccade, providing the animal sufficient time to plan
an eye movement, and it is not clear if the activation is generated
within the posterior parietal cortex or transmitted to it by other
areas. The precise role of the prefrontal cortex in the anti-
saccade task has also been a matter of debate. Some studies
have suggested that its primary role is to inhibit the ipsilateral
superior colliculus in generating an eye movement in the contra-
lateral field, which could serve as an inhibitory signal to avert a
saccade toward the stimulus (Ettinger et al., 2008; Ploner
et al., 2005), and others posited that prefrontal cortex exerts a
net excitatory effect on the ipsilateral superior colliculus,
providing the target of the correct saccade, which is to be
directly translated into motor output in the superior colliculus
(Johnston et al., 2014).
We were thus motivated to compare the activity of neurons in
the dorsolateral prefrontal cortex (dlPFC) and posterior parietal
cortex (PPC) in the same animals performing anti-saccade
tasks. We relied on task variants requiring an immediate
response away from the stimulus, allowing us to determine
the relative timing of activity representing the stimulus and
saccade in the two areas and distinguish the role of the two
areas in response inhibition.Reports 14, 2765–2773, March 29, 2016 ª2016 The Authors 2765
Figure 1. Behavioral Tasks and Brain Areas
(A) Sequence of events in the oculomotor delayed response (ODR) task. A visual cue is displayed, and after a 1.5-s delay period, the fixation point is turned off and
the monkey is required to make an eye movement toward the remembered cue location.
(B) Sequence of events in three variants of the anti-saccade task. The monkey is required to make an eye movement away from the cue after the fixation point is
turned off. Left: overlap variant. Cue and fixation point overlap for 100 ms before they both turn off. Middle: zero-gap variant. Fixation point turns off simulta-
neously with the cue onset. Right: 100-ms gap variant. Fixation point turns off, and after a 100-ms gap, the cue appears.
(C) Schematic diagram of monkey brain with areas 8a and 46 in the dorsolateral prefrontal cortex and areas 7a and LIP in the posterior parietal cortex indicated.
Abbreviations: IPS, intraparietal sulcus; STS, superior temporal sulcus; PS, principal sulcus; AS, arcuate sulcus.RESULTS
Data were analyzed from two monkeys trained to perform the
oculomotor delayed response (ODR) task (Figure 1A) and three
variants of the anti-saccade task (Figure 1B). In the overlap variant
the visual cue and fixation point overlapped for 100 ms prior to
both turning off (Figure 1B, left). In the gap variant, the onset of
the visual cue and offset of the fixation point occurred simulta-
neously (Figure 1B, middle). In the 100-ms gap variant, the visual
cue was presented 100 ms after the fixation point was extin-
guished (Figure 1B, right). The latter represents the most difficult
variant, as the subject needs to withhold a saccade toward the
stimulus while not maintaining gaze on the fixation point.
Neuronal Activity in the dlPFC and PPC during the Anti-
saccade Task
Neuronal recordings were obtained from the dlPFC and PPC of
two monkeys (Figure 1C). We recorded a total of 656 neurons
from areas 8a and 46 of the dlPFC (238 and 418 neurons from
the two monkeys, respectively) and 506 neurons from areas 7a
and lateral intraparietal area (LIP) of the PPC (162 and 344,
respectively). To perform a comparison of responses in the
anti-saccade task in an unbiased fashion, we selected neurons
based on their responses during the ODR task, identifying neu-
rons that responded significantly to at least one task epoch
compared to baseline activity (paired t test, p < 0.05). A total of
419 neurons in the dlPFC and 236 neurons in the PPC were
thus selected.
When the stimulus appeared in the receptive field, activity in
the dlPFC was highest for the most difficult, 100-ms gap condi-
tion (Figure 2A). In other words, increased activation elicited by
the stimulus was associated with difficulty in making a correct
saccade away from it. A significant difference in firing rate was
present between task variants (one-way ANOVA, F2,1256 =
17.5, p < 107). This difference in activity between tasks was pre-
sent in the PPC aswell (one-way ANOVA, F2,707 = 10.9, p < 10
4),
though its time course was different. Early after the stimulus
presentation, activity was similar across all task variants, but a
second peak of activation following the gap condition emerged2766 Cell Reports 14, 2765–2773, March 29, 2016 ª2016 The Authorlater in the trial (Figure 2C). This difference in the timing of neural
activity between areas was present for all task variants: visual re-
sponses in the PPC appeared earlier, peaked at an earlier time
point, and decayed with a faster time constant than in the dlPFC
(Figures S1A–S1C).
The condition involving a stimulus out of the receptive field
(and a saccade toward the receptive field) elicited dlPFC activity
that appeared earlier for the gap task variant (Figure 2B), but the
mean prefrontal activity synchronized on the saccade did not
differ significantly between task variants (one-way ANOVA,
F2,881 = 2.1, p > 0.1). This was true for the PPC as well (Figure 2D;
one-way ANOVA, F2,464 = 2.1, p > 0.2). The timing of the
response was different between areas. Now, activity rose
much earlier in the dlPFC than in the PPC (Figure 2D, inset).
Comparing neuronal responses between the dlPFC and PPC
revealed generally higher levels of activity in the dlPFC. The
difference was most pronounced for trials in which the stimulus
appeared out of the receptive field, requiring a saccade toward
the receptive field (Figures 2B and 2D). A significantly higher
firing rate was also present in the baseline activity of the dlPFC
compared to the PPC (t test, t653 = 5.78, p < 10
8). A two-way
ANOVA for firing rate in the interval before the saccade initiation,
after subtracting the baseline, with factors task variant and area
indicated a significant effect of area difference (F1,1959 = 198.43,
p < 1010 for main effect of area) but no interaction between
areas and task variants (F2,1959 = 0.11, p > 0.8 for interaction of
area and task). The difference between areas was also signifi-
cant for the condition of the cue appearing in the receptive field
(two-way ANOVA for firing rate after subtracting the baseline,
F1,1959 = 34.47, p < 10
8 for main effect of area; F2,1959 = 0.25,
p > 0.7 for interaction of area and task). The overall pattern of
responses was similar between prefrontal areas 8a and 46 and
parietal areas LIP and 7a, though visual response latencies
were shorter in area 8a compared to area 46 and in area LIP
compared to area 7a, whereas firing rate differences between
task conditions were more pronounced in areas 46 and 7a (Fig-
ures S2A–S2D).
The monkeys’ performance differed slightly in the sessions
where dlPFC and PPC recordings were obtained (78% ands
Figure 2. Neural Activity in Anti-saccade
Tasks in dlPFC and PPC
(A) Population peri-stimulus time histogram for
dlPFC neurons during the anti-saccade task (n =
419). Responses are shown for a stimulus in the
neuron’s receptive field, requiring an eye move-
ment away from it in the three task variants. Activity
is synchronized to the cue (indicated as a gray bar).
Insets show schematically the stimulus location
and direction of eye movement relative to the
receptive field (arc), which varied for each neuron.
(B) As in (A), for a stimulus appearing away from the
receptive field, requiring an eye movement toward
it. Activity is synchronized to the onset of the
saccade (indicated as a solid vertical line).
(C and D) As in (A) and (B), for neurons recorded in
the PPC (n = 236). Insets depict average discharge
rate minus baseline rate for the overlap condition,
plotted in the same axes for the dlPFC and PPC.
See also Figures S1–S3 and S5.75%, respectively). To ensure that differences between areas
were not due to performance, we repeated the analysis selecting
neurons recorded in sessions equated for behavioral per-
formance by eliminating the highest-performance prefrontal ses-
sions and lowest-performance parietal sessions of each
monkey. This resulted in two samples of sessions with 77%
mean correct responses in each. A total of 380 neurons in the
dlPFC and 220 neurons in the PPC were recorded in these
sessions. Differences between areas were evident in this sample
as well (Figure S3). Importantly, a highly significant difference
was present for firing rate in the interval before the saccade initi-
ation into the receptive field (two-way ANOVA, F1,1794 = 52.26,
p < 1010 for main effect of area).
Vector Inversion
The essence of the anti-saccade task is the vector inversion,
i.e., the planning of an eye movement away from the visual
stimulus (Munoz and Everling, 2004). To gain insight on the
role of the two areas in this process, we distinguished between
neurons with visual, motor, or visuomotor activity in the ODR
task. We focused particularly on neurons with pure visual activ-
ity in the ODR task, with no presaccadic or delay period activity
that could be associated with motor preparation, and well-
defined receptive fields that did not encompass the location
diametric to the best location. Visual neurons selected in this
fashion from the two areas (n = 33 for dlPFC, n = 21 for PPC)
exhibited similar activity in the ODR task (Figures 3A and 3B)
and robust activation by the stimulus in the receptive field in
the anti-saccade task (Figures 3C and 3D). Some of these neu-
rons in the dlPFC also exhibited elevated activity in the anti-
saccade task even when the cue stimulus appeared out of
the receptive field, as would be expected by neurons mediating
vector inversion (Figure 3E). This type of vector inversion activ-
ity was almost entirely absent in the PPC (Figure 3F; examples
of single neurons in Figure S4).Cell Reports 14, 2765–2773To compare the firing rate of visual neu-
rons in the two brain regions after the
appearance of a stimulus out of thereceptive field, we performed a two-way ANOVA with factors
area and task variant. The analysis revealed a significant effect
of area (F1,156 = 21.45, p < 10
5) but no interaction between areas
and task variants (F2,156 = 0.14, p > 0.8). Visual neurons active af-
ter presentation of a stimulus out of the receptive field were
encountered in areas 8a and 46 but absent from areas LIP and
7a (Figures S2E–S2H). Examining the time course of the vec-
tor-inversion signal among dlPFC visual neurons in a finer time-
scale revealed that after presentation of the stimulus out of the
receptive field activity quickly declined but began to rise anew
at 70 ms after the onset of the stimulus and reached its peak
activity at 120 ms (Figure 3E, inset). This pattern of activity
was absent in the PPC (Figure 3F, inset). These results suggest
that dlPFC is more important for vector inversion, as evidenced
by the enhanced representation of the target location by neurons
with responses to the visual stimulus.
Time Course of Stimulus and Target Representation
The relative representation of stimulus and goal in the two areas
was quantified with a receiver operating characteristic (ROC)
analysis, comparing firing rates for the stimulus in and out of
the receptive field (Figure 4). Early in trials of the overlap task
variant, firing rate was higher for the stimulus-in the receptive
field condition, revealing that the stimulus representation domi-
nated the firing rate of neurons in the PPC (Figure 4A, blue curve).
The latency of stimulus representation was shorter than that of
dlPFC neurons (Figure 4A, red curve), in agreement with prior
studies (Katsuki and Constantinidis, 2012). This stimulus repre-
sentation in both the PPC and dlPFC peaked at 100 ms and
began to reverse in favor of the representation of the target.
The representation of the target achieved a greater absolute level
of discriminability in dlPFC (values lower than 0.5 in the ROC
curve) due to a larger percentage of dlPFC neurons exhibiting
this reversal in stimulus versus target representation (Figures
S1D–S1F). Furthermore, the onset of the saccade coincided, March 29, 2016 ª2016 The Authors 2767
Figure 3. Activity of Purely Visual Neurons
(A) Population peri-stimulus time histogram for neurons with visual but nomotor activity, tested with the ODR task in the dlPFC (n = 33). Activity is synchronized to
the cue (indicated as a gray bar). Dotted vertical line represents the time when the fixation point turns off, which cues the monkey to perform an eye movement.
(B) As in (A), for the PPC (n = 21).
(C and D) Activity of the same neurons as in (A) and (B), during the appearance of the cue in the receptive field, in the anti-saccade task.
(E and F) Activity of the same neurons as in (A) and (B), during the appearance of the cue out of the receptive field, in the anti-saccade task. Activity is synchronized
to the saccade (vertical line). Insets represent averaged activity across all task variants, overlaying the condition of the stimulus in the receptive field (black) with
the stimulus out of the receptive field (red/blue), in a finer timescale. See also Figure S4.with this trough in the ROCcurve of dlPFC responses (Figure 4B).
Comparing the discriminability between the stimulus in and stim-
ulus out of the receptive field conditions at the time bin that cor-
responded to the mean reaction time revealed a significantly
more negative ROC value (representing the target over the stim-
ulus) for the dlPFC than the PPC for each of the task variants
(two-sample t test, t test, t653 = 5.10, p < 10
6 for the overlap;
t653 = 4.40, p < 10
4 for the zero-gap; t653 = 3.79, p < 10
3 for
the gap task variant). The timing of the ROC value minimum in
the dlPFC was also a more precise determinant of reaction
time than that of the PPC.
Relationship between Performance and Firing Rate
In order to determine the consequences of neuronal activity in
the two areas, we sought to identify patterns of activity
associated with high and low levels of performance. We first
examined the dlPFC by performing a median split of recording
sessions into high performance (mean correct responses,
85%) and low performance sessions (mean, 71%). Activity
was higher in high-performance compared to low-performance
sessions (Figures S5A, S5B, S5E, and S5F). Elevated activity
was already present in the fixation period, prior to the onset2768 Cell Reports 14, 2765–2773, March 29, 2016 ª2016 The Authorof the stimulus in high-performance compared to low-perfor-
mance sessions (t test, t266 = 3.07, p < 0.005). In the condition
involving the saccade in the receptive field, a significant
difference between high- and low-performance sessions
was present after subtracting the baseline (two-way ANOVA
with factors high/low performance and task type, F1,798 =
4.35, p < 0.05 for the effect of performance). In other words,
sessions in which the stimulus out of the receptive field
failed to elicit strong activation of dlPFC neurons were cha-
racterized by low performance in the task. When the cue
appeared in the receptive field, the equivalent difference (after
subtracting the baseline) was not significant (two-way ANOVA,
p = 0.84).
Importantly, this difference was absent in the PPC (Figures
S5C, S5D, S5G, and S5H). When we split sessions during which
parietal neurons were recorded into high-performance (mean
correct responses, 81%) and low-performance sessions
(mean, 68%), no significant difference was present during the
fixation period (t test, t144 = 0.20, p > 0.8). Similarly, a two-way
ANOVA revealed no significant effect of performance on firing
rate following the cue in the receptive field (p > 0.5) or the
saccade in the receptive field (p > 0.2).s
Figure 4. ROC Analysis
(A) Area under ROC curve comparing the distri-
bution of firing rates for the stimulus in and
saccade in the receptive field conditions, in the
overlap variant of the anti-saccade task. Left:
average ROC area values are shown for neurons in
the dlPFC (n = 419) and PPC (n = 236), in suc-
cessive 100-ms windows, stepped every 10 ms,
synchronized to the onset of the cue (time 0).
Values greater than 0.5 are indicative of a greater
response for a stimulus in the receptive field;
values lower than 0.5 indicate greater response for
a saccade toward the receptive field. Black vertical
line represents the mean reaction times in this task
variant. Right: the same data synchronized to the
saccade (vertical line).
(B) Average ROC area values for the same neurons
as in (A), in the zero-gap variant.
(C) Average ROC area values, in the 100-ms gap
variant.Response Inhibition and Working Memory
A debate in the human literature exists on whether response in-
hibition is independent of other cognitive faculties, or whether it
is linked toworkingmemory (Eenshuistra et al., 2004).We sought
to gain insights on this question by examining the activity in the
anti-saccade task of neurons that did or did not exhibit signifi-
cantly elevated delay period activity in a working memory task
(Figure 5). Analysis of discharge rate in the dlPFC revealed higher
firing rate during the baseline period of the anti-saccade task in
neurons that were also active during the ODR task (Figures 5C
and 5D), compared to those that were not (Figures 5A and 5B).
The difference in baseline was highly significant between these
two groups of neurons (two-way ANOVA with factors absence/Cell Reports 14, 2765–2773presence of working memory activity
and anti-saccade task variant, F1,1482 =
66.61 for main effect of working memory
presence, p < 1010). On a neuron-by-
neuron basis (Figure 5I), delay period ac-
tivity in the working memory task was
also strongly predictive of baseline activ-
ity in the anti-saccade task (regression
analysis, p < 1010). In fact, workingmem-
ory activity accounted for more than half
of the variance of the baseline activity in
the anti-saccade task for dlPFC neurons
(R2 = 0.51).
A similar relationship was present in the
PPC (Figure 5J). A two-way ANOVA re-
vealed a significant main effect of working
memory presence (F1,885 = 16.32, p <
0.0001), and delay period activity was
predictive of baseline activity in the anti-
saccade task (regression analysis, p <
0.001), accounting for a considerable
fraction of the total variance (R2 = 0.47).
However the slope of the regression line
was slightly lower (shallower) in the PPCcompared to the dlPFC cortex (b = 0.88 versus 0.93), consistent
with the overall lower level of anticipatory activity in the PPC. The
results indicate that working memory and baseline anti-saccade
activity are strongly linked at the single-neuron level and that this
relationship holds for both the dlPFC and PPC.
DISCUSSION
Activity related to the anti-saccade task was compared in two
cortical areas that have been implicated in response inhibition:
the dlPFC (Bunge et al., 2002; Everling and Munoz, 2000)
and PPC (Gottlieb and Goldberg, 1999; Zhang and Barash,
2000). We focused particularly on the activity of neurons with, March 29, 2016 ª2016 The Authors 2769
Figure 5. Relationship between Working Memory and Response Inhibition
(A) Average population firing rate of dlPFC neurons that did not exhibit significantly elevated activity in the delay period of the ODR task (n = 253).
(B) Activity of the same neurons in the anti-saccade task, with the stimulus appearing in the receptive field.
(C) Activity of dlPFC neurons that exhibited significantly elevated activity in the delay period of the working memory task (n = 243).
(D) Activity of the same neurons as in (C), in the anti-saccade task, with the stimulus appearing in the receptive field.
(E) Activity of PPC neurons that did not exhibit significantly elevated activity in the delay period of the working memory task (n = 196).
(F) Activity of the same neurons as in (E), in the anti-saccade task, with the stimulus appearing in the receptive field.
(G) Activity of PPC neurons that exhibited significantly elevated activity in the delay period of the working memory task (n = 101).
(H) Activity of the same neurons as in (G), in the anti-saccade task, with the stimulus appearing in the receptive field.
(I) Each data point represents the activity of a single neuron in the delay period of the working memory task and the baseline activity in the last 200 ms prior to
stimulus onset of the anti-saccade task. dlPFC neurons from (A and C) are plotted together.
(J) As in (I), for PPC neurons.non-motor responses in the ODR task that were activated by a
stimulus out of the receptive field in the anti-saccade task and
could mediate vector inversion. Activity of such neurons was2770 Cell Reports 14, 2765–2773, March 29, 2016 ª2016 The Authorconsiderably higher in the dlPFC than PPC. Activity of dlPFC
neurons was also more predictive of overall performance in the
task and representation of the saccade goal peaked at a times
that was predictive of the reaction time. These results implicate
the prefrontal cortex as the source of signalsmediating response
inhibition, consistent with the importance of this area in anti-
saccade performance (Kramer et al., 2005).
Vector Inversion
The relative role of dlPFC and PPC as well as other areas acti-
vated by the anti-saccade task has been unclear (Everling
et al., 1999; Ford and Everling, 2009; Funahashi et al., 1993;
Schlag-Rey et al., 1997). In our experiments, a population of neu-
rons with visual activity but no motor responses in the ODR task
was activated by a stimulus out of the receptive field in the anti-
saccade task. These neurons were primarily encountered in the
dlPFC. It is likely that this activation is associated with the repre-
sentation of goal in neural activity through processes such as
shifting of attention and vector inversion, which presumably rely
on the activation of a neural population encoding a location
away from the stimulus (Munoz and Everling, 2004). Similar acti-
vation by stimuli that the monkey is explicitly instructed not to
foveate has beenpreviously reported in the prefrontal cortex (Ha-
segawaet al., 2004). Activity associatedwith vector inversion has
also been reported in parietal area LIP, referred to as ‘‘paradoxi-
cal’’ activity (Zhang and Barash, 2000). However, the later was
observed in a memory-guided anti-saccade task that allowed
the monkey considerable time to plan the response away from
the stimulus. In our task, no such delay intervened, which argu-
ably taxes response inhibition to a greater extent. When we
compared neuronal responses in the same animals, we found
that vector-inversion related activity for an anti-saccade task
was much greater in the dlPFC compared to the PPC (Figure 3).
Furthermore, reaction times in the anti-saccade task coincided
with the peak representation of the saccadic goal following this
inversion in the dlPFC, but not in the PPC (Figure 4).
A critical question about the ultimate origin of the signal that
dictates the planning of a saccade away from the stimulus in-
volves the timing of activity associated with vector inversion in
different brain areas. In the superior colliculus, burst neuronactiv-
ity for a contralateral anti-saccade starts at 100 ms (Everling
and Johnston, 2013). LIP paradoxical activity has an average la-
tencyof110ms (ZhangandBarash, 2000) andwouldbe too late
to account for superior colliculus activation. In contrast, dlPFC
activation indicative of vector inversion in our dataset was
observed 70–120 ms after the onset of the stimulus. The result
is consistent with dlPFC being the source of signals related to
vector inversion in the cerebral cortex. PPC activation related
to vector inversion such as that described in previous studies
(Zhang and Barash, 2000), which was absent in our experiment,
may only appear if sufficient time intervenes between the stim-
ulus presentation and saccade. These results do not rule out
that another brain area may lead the prefrontal cortex. In a task
requiring a saccade toward a location rotated by 90 degrees rela-
tive to a visual cue, themediodorsal nucleus of the thalamus was
shown to lead the prefrontal cortex in the vector rotation (Wata-
nabe and Funahashi, 2012; Watanabe et al., 2009), though this
task also imposed a delay period between the stimulus and the
response. It will be upon future studies to compare the timing of
prefrontal activity with the rest of the areas comprising the oculo-
motor circuit and contrast the results with those we report here.CellNeuronal Activity and Behavior
The importance of dlPFC activity in the anti-saccade task was
also evident whenwe examined the relationship between activity
and performance. Trials requiring a saccade toward the recep-
tive field in which dlPFC activity was lower were more likely to
lead to errors. In contrast, no such relationship was present in
the PPC.What aspect of behavior is determined by the prefrontal
cortex in the anti-saccade task has been debated. Initial
accounts suggested that prefrontal cortex exerts an inhibitory ef-
fect on the ipsilateral superior colliculus in generating an eye
movement in the contralateral field, in essence providing a sup-
pressive signal to avert a saccade toward the stimulus (Ettinger
et al., 2008; Ploner et al., 2005). Newer evidence suggests that
prefrontal cortex exerts an excitatory effect, transmitting the
location of the correct saccade target to the ipsilateral superior
colliculus (Johnston et al., 2014). Our finding of lower perfor-
mance in trials involving the target in the receptive field that
elicited lower levels of activity is consistent with the latter inter-
pretation. The influence of the PPC in this circuit appears to be
more limited. Instead, the PPC appears to have a role in the initial
detection of the stimulus, as the latency of stimulus representa-
tion was consistently shorter in the parietal than the prefrontal
cortex in our data.Working Memory and Response Inhibition
Whether response inhibition is independent of working memory
has been a matter of debate (Eenshuistra et al., 2004; Roberts
et al., 1994). Our analysis suggested a link between these func-
tions, as qualitative differences were present between neurons
that exhibited or did not exhibit delay-period activity in a working
memory task. A large change in firing rate was evident in the anti-
saccade task during the baseline fixation period even before the
stimulus appeared, and this was significantly correlated with the
levels of working memory activity. Response preparation has
been identified as a critical parameter of inhibitory control
(DeSouza et al., 2003; Ordaz et al., 2010). Activity preceding
the onset of the stimulus in saccadic tasks is predictive of errors
in neurophysiological and fMRI experiments (Bender et al., 2013;
Curtis and D’Esposito, 2003; Everling and Munoz, 2000; Miller
et al., 2005). Baseline activity therefore may be directly involved
in suppressing reflexive behavior, e.g., by representing the task
rules ahead of stimulus presentation. Indeed, baseline activity
has been shown to rise after training in working memory tasks
(Qi et al., 2011). Baseline activity may thus be tied to working
memory, encoding advance preparation for the upcoming
requirement to resist the stimulus appearance. The relationship
between the two variables did not differ between the dlPFC
andPPC, as the effect of workingmemory had significant predic-
tive power over baseline anti-saccade activity in both areas, and
it is likely that both areas play a role in the encoding of task rules
in working memory.EXPERIMENTAL PROCEDURES
Two adult male rhesus monkeys (Macaca mulatta) were used in this study. All
animal useprocedureswere reviewedandapprovedby theWakeForestUniver-
sity Institutional Animal Care and Use Committee. The monkeys were trained
to perform the ODR and three variants of the anti-saccade task—overlap,Reports 14, 2765–2773, March 29, 2016 ª2016 The Authors 2771
zero-gap, and 100-ms gap variant—which differed in the sequence of the cue
onset relative to the fixation point offset (Figure 1). Animals were rewarded
with fruit juice for successful completion of a trial. Breaking fixation at any point
before the offset of the fixation point aborted the trial.
Recordings were performed from two 20-mm-diameter recording cylinders
implanted over the prefrontal and parietal cortex of each animal. Recordings
were obtained from areas 8a and 46 of the dlPFC and areas LIP and 7a of
the PPC. Precise histological localization of recording sites was not available,
but we distinguished between anterior prefrontal recordings in the principal
sulcus region, corresponding to area 46, and posterior sites, between the
caudal end of the principal sulcus and the arcuate sulcus, corresponding to
area 8a. Similarly, we distinguished between recordings obtained from the
crown of the gyrus between the intraparietal and superior temporal sulcus,
corresponding to area 7a, and recordings in the posterior bank of the intrapar-
ietal sulcus, at depths greater than 2.5 mm from the cortical surface, corre-
sponding to area LIP.
In the ODR task, we identified neurons with significant elevation of firing rate
in the 500-ms presentation of the cue, the 1,500-ms delay period, and the
250-ms response epoch, after the offset of the fixation point. Firing rate in
these periods was compared to the 1 s baseline fixation period, prior to the
presentation of the cue, and neurons with significant difference in firing rate
were identified (paired t test, p < 0.05). Visual neurons included in the analysis
were neurons without motor responses in the ODR task, no delay activity that
could be related to motor preparation, and clearly defined receptive fields that
did not encompass the location diametric to the best response location.
Firing rates in a 200-ms windowwere subjected to a two-way ANOVA, using
cortical area and task variant (overlap, zero-gap, and 100 ms gap) as factors.
For some comparisons, we subtracted the baseline firing rate (computed in the
1 s fixation period that preceded the cue) before performing the ANOVA test.
We also performed comparisons of anticipatory firing rate preceding the cue;
this involved averaged firing rate in the 200ms preceding the cue presentation.
Finally, some analysis was performed on neural responses aligned to the onset
of the saccade. In this case, firing rate was calculated in the 200 ms preceding
the saccade onset.
An ROC analysis was used in order to compare the distributions of firing
rates of a neuron to two stimulus conditions. For each neuron we first deter-
mined the stimulus location that elicited the best stimulus response, during
the ODR task.We then compared responses in the anti-saccade task involving
a stimulus at the best location and at its diametric location (corresponding to
the saccade in the receptive field).
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